Stroke is the third leading cause of death and long-term disability in the USA. Currently, surgical intervention decisions in asymptomatic patients are based upon the degree of carotid artery stenosis. While there is a clear benefit of endarterectomy for patients with severe (> 70%) stenosis, in those with high/moderate (50-69%) stenosis the evidence is less clear. Evidence suggests ischemic stroke is associated less with calcified and fibrous plaques than with those containing softer tissue, especially when accompanied by a thin fibrous cap. A reliable mechanism for the identification of individuals with atherosclerotic plaques which confer the highest risk for stroke is fundamental to the selection of patients for vascular interventions. Acoustic radiation force impulse (ARFI) imaging is a new ultrasonic-based imaging method that characterizes the mechanical properties of tissue by measuring displacement resulting from the application of acoustic radiation force. These displacements provide information about the local stiffness of tissue and can differentiate between soft and hard areas. Because arterial walls, soft tissue, atheromas, and calcifications have a wide range in their stiffness properties, they represent excellent candidates for ARFI imaging. We present information from early phantom experiments and excised human limb studies to in vivo carotid artery scans and provide evidence for the ability of ARFI to provide high-quality images which highlight mechanical differences in tissue stiffness not readily apparent in matched B-mode images. This allows ARFI to identify soft from hard plaques and differentiate characteristics associated with plaque vulnerability or stability.
Introduction
Approximately 700,000 people in the United States suffered new strokes in 2007. Stroke is the third leading cause of death (160,000 per year) and serious, long-term disability in the USA. 1 Although estimates vary, approximately 20-30% of new strokes each year are due to atherosclerotic carotid artery disease. 2 Currently, surgical intervention decisions in asymptomatic patients are based upon the degree of stenosis. In three major clinical trials, the North American Symptomatic Endarterectomy Trial (NASCET), 3 the European Carotid Surgery Trial (ECST), 4 and the Asymptomatic Carotid Atherosclerosis Trial (ACAS), 5 the benefit of carotid endarterectomy in stroke prevention for patients with severe (> 70%) carotid artery stenosis was clearly demonstrated. However, in patients with high/moderate (50-69%) stenosis, even with previous symptoms of focal cerebral ischemia, the evidence is less clear. 6, 7 A reliable mechanism for the identification of individuals with atherosclerotic plaques which confer the highest risk for stroke is fundamental to the selection of patients for vascular intervention. 8 It is likely that tens of thousands of patients each year could be spared from undergoing carotid endarterectomy if their plaques could be identified as stable. Conversely, individuals with high/moderate stenosis and vulnerable plaques that may be good candidates for intervention could be identified earlier.
The literature suggests that carotid plaques containing soft tissue is more associated with ischemic stroke than plaques containing calcifications and fibrous tissue. 9, 10 Soft tissue in atherosclerotic plaques consist of many types of tissues resulting from a response of the immune system, but largely consist of lipid pools, macrophages, foam cells, and debris from intra-plaque hemorrhage. Fibrous tissue envelops the soft tissue, but can be prone to rupture in regions where this tissue is thin. The definition of 'thin' in this case remains unclear, however, as the thickness defining vulnerability varies from 65 µm 11, 12 to up to 700 µm. 13, 14 A recent trend in imaging atherosclerotic plaques has been to ascertain the vulnerability of a plaque to rupture based on its imaging characteristics. In B-mode ultrasonography, a plaque will typically be described as hypoechoic or hyperechoic, and homogeneous or heterogeneous [15] [16] [17] using a subjective grey-scale classification. Hypoechoic and heterogeneous plaques have been shown to be related to ipsilateral neurologic events, 15, 16 but consistency between institutions and the reproducibility of the plaque characterization is relatively poor. 18 Intravascular optical coherence tomography (OCT) has shown good definition of the tissues in coronary arterial plaques; 19 however, this is an invasive technique and has difficulty in distinguishing vulnerability in carotid arterial plaques. 20 Magnetic resonance imaging is a modality which can be very sensitive to plaque composition, [21] [22] [23] but may be prohibitively expensive for widespread use.
Acoustic radiation force impulse (ARFI) imaging is a new method of ultrasonic imaging that we have recently developed to create images based on the mechanical properties of tissue. ARFI imaging is an ultrasonic-based imaging method that uses short duration (0.03-1 ms) acoustic radiation force to generate localized displacements in tissue. [24] [25] [26] [27] [28] These displacements provide information about the local mechanical properties of tissue because the displacement and recovery of tissue is inversely related to tissue stiffness and its viscoelastic properties. Because arterial walls, soft tissue, atheromas, and calcifications have a wide range of stiffness properties, they represent excellent candidates for ARFI imaging.
The aim of this paper is to review and summarize the current status and future potential of ARFI imaging for the generation of high-resolution images of carotid plaque composition. We present a range of information (some previously published in technical journals) on early phantom experiments to distinguish layers and occlusions of different modulus, including compliant occlusions mimicking a soft lipid-pool plaque. We also report our recent ex vivo and in vivo studies designed to assess the ability of ARFI imaging to detect and characterize the mechanical properties of atherosclerotic plaques and correlate ARFI-derived plaque measurements with those obtained via B-mode and angiographic images, and with those derived from pathology and direct mechanical measurements.
Methods

ARFI imaging
ARFI imaging is designed to work on a diagnostic ultrasound scanner, using a single transducer to both generate the radiation force and track the resulting displacement of tissue. Radiation force is generated when an acoustical pulse is absorbed by tissue, creating a transfer of momentum in the insonified region ( Figure 1 ). In order to achieve appreciable displacement in tissue (i.e. 1-10 µm), the intensity of the acoustic wave must be increased roughly two orders of magnitude above that used for diagnostic imaging. Displacement of tissue immediately after force application is inversely related to local tissue stiffness (i.e. softer tissues displace farther than stiffer tissues for the same force magnitude). Additionally, all tissues are inherently viscoelastic, and differences in the recovery rates of tissues are related to their elastic, damping, inertial, and structural properties.
ARFI imaging assumes a quasi-linear stress-strain relationship to approximate stiffness, meaning that the displacements induced by ARFI imaging are small enough to estimate tissue stiffness, but not large enough to cause a significant change in the tissue's elastic modulus. A current limitation with ARFI imaging is that the actual force is often unknown because the acoustic intensity and the amount of attenuation to the acoustic pulse are usually not known. Therefore, observations of tissue stiffness are made relative to neighboring or nearby objects and tissue in a typical two-dimensional ARFI image. Implementation of ARFI imaging is different to conventional B-mode and color Doppler imaging. To obtain displacement information for one spatial location, a reference (vertical) line is first acquired using a conventional ultrasound pulse. A radiation force-inducing pulse is then applied at the same location which creates a small displacement. Finally, a series of tracking lines are acquired (using conventional ultrasound), in order to observe the displacement and recovery response of the tissue. In general, approximately 4-6 ms of tracking is required to observe the recovery of the tissue back to its original location. The Figure 1 . The mechanism of an ARFI radiation force imaging pulse. (A) Schematic representation of the radiation force field generated by an ARFI imaging pulse. The radiation force is generated within the shape of the transmitted ultrasound beam, approximated by the two curved lines, with the maximum force typically observed at the focal point of the beam. (B) A typical response of the tissue to the radiation force impulse. The tissue at the focal point displaces away from the transducer momentarily and then recovers back to its original position. ARFI images are often created at the point of peak tissue displacement, shown by the dotted line.
accuracy of the estimated displacements is in the order of tenths of microns. By repeating the reference-push-track sequence over several spatial locations, a two-dimensional image can be created by aligning the displacements of each location in time, relative to its pushing pulse.
ARFI does not require any additional training for image acquisition and merely requires slight machine modifications to add an alternative imaging mode (akin to Doppler or M-mode). Sonographers would simply acquire images in a similar manner to current vascular scanning techniques. ARFI is currently being used in Europe and Asia to image liver cancers and staging liver fibrosis.
One concern with ARFI imaging is that the pushing pulses have the capability to generate more heat than conventional ultrasound, both within the tissue and the transducer, but particularly on the surface of the transducer. Therefore, the imaging sequences must be designed to minimize heating of both the tissue and transducer. In addition, the increased acoustical intensity needs to remain below Food and Drug Administration (FDA) limitations. 29 While there are many factors that affect heating and acoustic exposure, techniques such as parallel tracking can be used to decrease both tissue and transducer heating as well as limit acoustic intensities. 30 All ARFI imaging methods used in this study have been created to comply with the acoustical and temperature limits set by the FDA.
Phantom construction and imaging
Tissue-mimicking vascular phantoms were constructed to evaluate ARFI's ability to discriminate a softer material (representing a potential lipid-pool, thrombotic-prone plaque) from a stiffer vascular wall. All phantoms were made using polyvinyl-alcohol cryogel (PVA-C), a material that has shown to be well suited for vascular modeling in MRI and ultrasound applications, [31] [32] [33] [34] where rigidity is determined by the number of freeze-thaw cycles and the thaw rate. One normal and two stenotic (with occlusions covering 44% and 80% of the lumen) vessel phantoms were created using previously published methods, 35 with the stiffness ratio between the normal and occlusion material being 10:1. The normal phantom was deposited into a gelatin and graphite mix having a stiffness ratio of 1:10 with the vessel wall, while the stenotic vessel phantoms were placed in a saline bath. The echogenicity was equalized between the embedding material, the vessel wall, and the occluding material by using the same concentration of graphite in each material in order to demonstrate the ability of ARFI imaging to distinguish differences in mechanical properties (i.e. relative stiffness) rather than differences in echogenicity.
The phantoms were mounted in a closed-loop pressure system, pressurized to 10 kPa, and imaged using conventional B-mode and ARFI imaging. A mechanical translation stage was used to scan the vessel phantoms. Transverse B-mode and ARFI images were recorded along the length of each of the vessels.
Excised human limb studies
In an effort to compare pathological results with mechanical properties derived from ARFI imaging in human vessels and vascular disease, we have previously applied ARFI imaging to excised popliteal and femoral arteries from patients undergoing leg amputation. 36 These patients often had some form of peripheral vascular disease related to diabetes, and therefore the excised vessels often contained large and occluding plaques. The vessels were placed in a water tank with their ends loosely suspended from two opposing cannulas. The vessels were scanned with B-mode and ARFI imaging and pathology was obtained after scanning to compare with the imaging results.
Human in vivo studies
Using the guidelines for non-invasive laboratory testing from the American Society of Echocardiography and the Society for Vascular Medicine, 37 we recruited volunteers with 50-69% internal carotid artery disease. Classification under this criterion includes any of the following conditions:
• internal carotid artery peak systolic velocity of 125-230 cm/s • internal carotid artery end diastolic velocity of 40-100 cm/s • internal carotid artery/common carotid artery peak systolic volume ratio of 2:4, or • measured plaque volume estimate of > 50%.
All 50 volunteers were recruited under an Institutional Review Board approved protocol, and informed consent was obtained for each volunteer prior to imaging. Healthy control subjects were selected who had no risk factors for cardiovascular disease and subsequently yielded nonstenotic carotid scans. All B-mode and ARFI scans of the carotid arteries were performed at the Frederick R Cobb Non-Invasive Vascular Research Laboratory at the Duke Center for Living Campus.
ARFI imaging was implemented on a modified Siemens Acuson S2000™ scanner and a 9L4 transducer (Siemens Medical Solutions USA, Inc., Issaquah, WA, USA). The radiation force pulses were applied during end diastole and the unprocessed ultrasound data was acquired and ported to a local workstation to calculate displacement images of the carotid vasculature. For each ARFI image acquired, a B-mode and color Doppler image were acquired concurrently. For each plaque observed in a volunteer, between two and five ARFI images were acquired to assess the repeatability of the image. Each image was acquired a few seconds apart in order to confirm the repeatability of the results. Images were created from the displacements measured 0.43 ms after the application of radiation force.
A digital mask was applied to the lumen of the vessels in the ARFI images in order to improve the visibility of the vascular walls and plaque. The continuous movement of blood appears to the displacement estimator as quasi-random displacements and makes visualization of the image difficult. Therefore, the mask is applied by computing the power of the Doppler signal and setting the corresponding regions of the ARFI image with power greater than 5-10% of the maximum power to black.
Results
Phantom scanning
Transverse B-mode and ARFI images of a normal vessel phantom, made to represent a non-diseased artery, and embedded in the graphite and gelatin medium are shown in Figure 2 . In the ARFI image, small displacements are shown in dark blue, while relatively larger displacements are shown in red. While there appears to be little difference between the vessel wall and the embedding material in the B-mode image, the ARFI image shows high contrast (approximately 4:1) between the two media. The border of the vessel is well defined in the ARFI image, and the vessel phantom shows uniform displacements throughout the vessel wall. Figure 3 displays matched transverse B-mode and ARFI scans of the occluded vessel phantoms. In Figures 3A and 3B , B-mode and ARFI images of the 44% occluded vessel phantom are shown. In the ARFI image, the area associated with the vessel wall is indicated by the dark blue color and shows displacements of 4.0 ± 0.6 µm, while the green region indicates the plaque and shows displacements of 12.0 ± 2.4 µm. In the B-mode images, the occlusion area is isoechoic with the vessel wall. In Figures 3C and 3D , B-mode and ARFI images of the 80% stenotic vessel phantom are shown. The vessel wall displaces 3.3 ± 1.2 µm and the plaque displaces 10.4 ± 2.1 µm in the ARFI image. Like the 44% occlusion phantom, the B-mode image of the 80% occlusion phantom shows no contrast between the soft plaque and the harder vessel wall.
Excised human limb studies
ARFI images of excised vessels in one of our previous studies was able to distinguish characteristics of healthy vessel, calcified regions, and a soft, lipid-filled core. 36 The lipid-filled regions were consistent with large displacements, slow times to reach peak displacement, and a slow recovery time. Calcified regions were consistent with low displacements and quicker times to reach peak displacement and recovery times. Healthy vessel wall lay between the calcified and lipid-filled regions in terms of maximum displacement, time-to-peak, and recovery time. Although the elastic moduli of these tissues could not be known precisely, the measured displacements were consistent with the range of Young's moduli reported in the literature for the tissue types observed in carotid plaques. [38] [39] [40] [41] Typically, lipid-filled regions are in the order of 1/100 the modulus of normal arterial tissue, and fibrous and calcified plaques have moduli that are orders of magnitude greater than normal arterial tissue. In addition, the frequency with which each of these soft and hard tissues occurs was consistent with the proportion of plaque makeup described in the literature. For images and further details see ref. 38 . Figure 4 displays the matched B-mode and ARFI images from the left common carotid artery of a healthy 39-year-old male. Uniform displacements are observed across the vessel length (displacements are approximately 2 µm in both the distal and proximal walls). Differences in mean displacement can occur between the proximal and distal walls from differences in the amount of absorption of the acoustic wave. Therefore, interpretation of the stiffness of objects in ARFI images should be limited to the displacement of the target relative to nearby or adjacent regions. Figure 5 shows the matched B-mode and ARFI images from the left internal carotid artery of a 57-year-old male. The plaque is visible on both the proximal and distal wall, as it appears to wrap around the vessel. The accompanying ARFI image shows uniform low displacements throughout the plaque, which indicates a stiff tissue and would suggest a fibrous and/or calcific composition. Note, however, that the plaque cannot be distinguished from the vessel wall. Figure 6 displays matched B-mode and ARFI images from the right common carotid artery of a 68-year-old male. The B-mode image indicates a bright border with a hypoechoic core. ARFI imaging reveals a heterogeneous composition of stiffness, consisting of a soft region (a possible lipid core) surrounded by a large stiff cap. The soft region of the plaque is visible on the distal wall as the region extending from -5 to 7 mm laterally and from 19 to 22 mm in depth in the ARFI image. The soft region is surrounded by a significantly stiffer region. The displacement of the soft region ranges from 2 to 4 µm, compared with 0.5 to 1 µm in the surrounding stiffer tissue. Although the tissue surrounding the soft region appears thick in this image, the size of the soft region, assuming it is a lipid core, fits the criteria used by Ge et al. (1999) to determine plaque vulnerability. 14 This definition of vulnerability includes any of the following criteria: (1) a lipid core with area greater than 1 mm 2 ; (2) a core to plaque ratio greater than 20%; or (3) a fibrous cap less than 0.7 mm thick. The soft region in this plaque is greater than 1 mm 2 and it covers a region of the plaque greater than 20% of the total area. Note that the apparent soft regions around the edge of the plaque are an artifact of blood flow in the vessel lumen and occur where the Doppler mask did not cover the entirety of the lumen. The soft region depicted in Figure 6 can be easily differentiated from noise or image artifacts, such as the apparent large displacements observed in the lumen that would signify a soft region. Figure 7 shows the response of the plaque in Figure 6 to the applied radiation force compared to the response measured from the lumen. In the soft and hard regions of the plaque, the tissue displaces away from the transducer and recovers back to its original position, with the soft region displacing approximately three times greater at its peak displacement than the hard region of the plaque. The displacements observed from a region within the lumen indicate a quasi-random displacement pattern. This displacement pattern is not a realizable response of a viscoelastic material, and is therefore easily distinguishable from soft regions of tissue. Figure 8 demonstrates a plaque containing a large soft core with a relatively thin cap from our previous demonstrations of ARFI imaging of carotid plaques. 42 This plaque has a stiff cap, as observed in the ARFI image, with a thickness of approximately 0.7 mm on the left side of the plaque. The remaining cap has a thickness of approximately 1.3 mm. This particular plaque meets all three of Ge's criteria for plaque vulnerability. 14
Human in vivo carotid scanning
Discussion
ARFI imaging
Our initial phantom and ex-vivo experiments indicate that viscoelastic differences in tissue deformational recovery rates from a displacement can be sensitively detected by ARFI analysis. 35 These differences are related to mechanical properties and allow us to discriminate between healthy and diseased tissue. These data support that ARFI provides a new vehicle for disease identification and localization. Additionally, ARFI images have resolutions comparable to conventional ultrasound imaging and are speckle-free. 25 The findings are reproducible and show excellent stability over varying times of acquisition and viewing angles. Figure 6 ). The peak displacement from the soft regions (light green) in both views are three times larger than the peak displacement observed in the hard (dark blue) region of the plaque. Both the hard and soft regions exhibit typical displacement responses of tissue. This is contrasted with the partially random displacements observed in the lumen of the vessel, corresponding to the flow of blood. (Colors refer to . ARFI imaging yields excellent definition of thick stiff caps, but is challenged in resolving thin (0-0.5 mm) caps. We hypothesize that these thin caps, in response to radiation force, move in unison with the underlying plaque material and are thus poorly resolved.
Another major practical advantage of ARFI over other imaging modalities is that because it only involves software modifications to diagnostic ultrasound scanners, many of the thousands of currently installed machines in clinical centers could be programmed to include co-registered ARFI and B-mode images without the addition of new equipment.
Application to carotid plaque imaging
The benefits of endarterectomy in stroke prevention for patients with severe (> 70%) carotid artery stenosis is clear, [3] [4] [5] whereas for those with high moderate (50-69%) stenosis the evidence of surgical benefit is less strong. Unfortunately, there are no guidelines to further stratify these patients between those who are more or less likely to suffer an event. ARFI imaging has the potential to add to the clinical information and decision-making process for the work-up of patients with carotid artery stenosis. It could help to accurately identify those high-risk patients with moderate stenosis for prophylactic surgical intervention prior to stenotic progression and ipsilateral ischemic events. Given the definition of vulnerable plaques described by Ge et al., 14 and the ARFI information shown in Figure 5 , it is clear that this patient would potentially be described as having a non-vulnerable plaque and consequently we would suggest is at low risk for stroke in the near future. Alternatively, the patient shown in Figure 8 meets all the three criteria for plaque vulnerability and we would suggest is more likely to experience a cerebrovascular event.
Unfortunately, the patient depicted in Figure 6 falls somewhere in the middle of this vulnerability criteria (one of the three factors) and may represent an individual that still defies further classification by ARFI imaging.
Limitations
Although ARFI imaging holds promise for vulnerable plaque detection, there are several technical and practical limitations to this modality. These include the inability to identify the actual composition of tissues rather than just the relative softness/stiffness. First, ARFI relies on a relative reference of displacement (one area compared to another) rather than absolute values. This means that areas in the image that are far apart (top and bottom of the image, for example) cannot be compared in terms of absolute displacements, nor can the displacements observed from one patient to the next. Second, ARFI is unable to identify the actual composition of tissues rather than just the relative softness/ stiffness. For instance, one is unable to definitively say whether or not a particular region is calcified or lipid-filled in an ARFI image. The only conclusion that can be drawn is that one region is relatively stiffer than the other. Likewise, ARFI imaging has poor contrast for adjacent regions composed of similarly extremely compliant or extremely stiff tissue. For example, even though calcification is many times stiffer than fibrous plaque, an ARFI image would, in most cases, be incapable of distinguishing the two stiff tissues. This is because the image noise is greater than the observable differences in displacement between the two regions. 43 Some features of ARFI imaging that are readily apparent in excised vessels are not as apparent in vivo. For instance, differences in displacements observed in the individual layers of the vascular wall were apparent in excised vessel, but not in vivo. In addition, healthy vessel wall was distinguishable from fibrous and calcified regions in the excised vessels, but not in the in vivo arteries. These differences are largely due to the increased attenuation of the ultrasonic signal from the overlying tissue in the in vivo cases. The attenuating tissue decreases the ultrasonic signal-to-noise ratio as well as the applied force, making it more difficult to distinguish the stiff healthy tissue from the stiff diseased tissue.
Future directions
Future studies in the development of ARFI imaging for detection of vulnerable carotid plaques should include matching ARFI images for patients scheduled for endarterectomy surgery with plaque histology when it is subsequently removed. This would allow measures of sensitivity and specificity to be attributed to the image sequences as compared to the 'gold standard' of tissue specimens. Additionally, large clinical study confirmation that ARFI imaging can actually predict stroke events and allow better risk stratification is a major goal for the development of this technique.
Technical goals for ARFI imaging include real-time scanning and analysis along with implementation into a clinic ultrasound unit, as well as heat management for realtime scanning. Implementation of real-time ARFI imaging is a relatively easy hurdle for commercial ultrasound systems, as the imaging sequence itself falls well within the software and hardware capabilities of these scanners. Heating of the transducer remains the largest concern for real-time ARFI scanning. The heating of the transducer depends largely on the number of ARFI pushes used in the imaging sequence and the rate at which these pulses are applied. This can be mitigated by the use of parallel beamforming; however, careful management of the pulse rate seems to be the next most viable method for heat reduction. Frame rates on the order of color Doppler imaging seem to be the most viable for real-time ARFI imaging.
Summary/conclusions
The findings presented in this paper provide evidence for the ability of ARFI to provide high-quality images which highlight mechanical differences in tissue stiffness not readily apparent in matched B-mode images. This allows ARFI to identify soft from hard plaques and differentiate characteristics associated with plaque vulnerability or stability. Accurate identification of carotid plaque mechanical characteristics would substantially improve current stroke risk estimation and the surgical intervention decision-making process. The ARFI capability can be added, relatively easily, to current diagnostic ultrasound machines in clinics throughout the world.
